The striatum in the basal ganglia-thalamocortical circuitry is a key neural substrate that is implicated in motor balance and procedural learning. The projection neurons in the striatum are dynamically modulated by nigrostriatal dopaminergic input and intrastriatal cholinergic input. The role of intrastriatal acetylcholine (ACh) in learning behaviors, however, remains to be fully clarified. In this investigation, we examine the involvement of intrastriatal ACh in different categories of learning by selectively ablating the striatal cholinergic neurons with use of immunotoxin-mediated cell targeting. We show that selective ablation of cholinergic neurons in the striatum impairs procedural learning in the tone-cued T-maze memory task. Spatial delayed alternation in the T-maze learning test is also impaired by cholinergic cell elimination. In contrast, the deficit in striatal ACh transmission has no effect on motor learning in the rota-rod test or spatial learning in the Morris water-maze test or on contextual-and tone-cued conditioning fear responses. We also report that cholinergic cell elimination adaptively upregulates nicotinic ACh receptors not only within the striatum but also in the cerebral cortex and substantia nigra. The present investigation indicates that cholinergic modulation in the local striatal circuit plays a pivotal role in regulation of neural circuitry involving reward-related procedural learning and working memory.
The striatum in the basal ganglia-thalamocortical circuitry is a key neural substrate that is implicated in motor balance and procedural learning. The projection neurons in the striatum are dynamically modulated by nigrostriatal dopaminergic input and intrastriatal cholinergic input. The role of intrastriatal acetylcholine (ACh) in learning behaviors, however, remains to be fully clarified. In this investigation, we examine the involvement of intrastriatal ACh in different categories of learning by selectively ablating the striatal cholinergic neurons with use of immunotoxin-mediated cell targeting. We show that selective ablation of cholinergic neurons in the striatum impairs procedural learning in the tone-cued T-maze memory task. Spatial delayed alternation in the T-maze learning test is also impaired by cholinergic cell elimination. In contrast, the deficit in striatal ACh transmission has no effect on motor learning in the rota-rod test or spatial learning in the Morris water-maze test or on contextual-and tone-cued conditioning fear responses. We also report that cholinergic cell elimination adaptively upregulates nicotinic ACh receptors not only within the striatum but also in the cerebral cortex and substantia nigra. The present investigation indicates that cholinergic modulation in the local striatal circuit plays a pivotal role in regulation of neural circuitry involving reward-related procedural learning and working memory.
M
emory consists of several separate entities that depend on different brain systems (1) . Clinical and behavioral evidence suggests that the basal ganglia is involved in the procedural learning that leads to habit formation and in the performance of routine behaviors that have been acquired (2, 3) . The striatum in the basal ganglia-thalamocortical circuitry receives input from all areas of the cerebral cortex (4) and comprises a major cell population of medium-sized spiny neurons that mediate neurotransmission via ␥-aminobutyric acid (5) . The neural activity of these projection neurons is dynamically regulated by nigrostriatal dopaminergic input (6) , and impairment of dopaminergic transmission in patients with Parkinson's disease causes not only extrapyramidal motor imbalance but also habit-learning dysfunction (2, 3) . Electrophysiological and morphological studies have indicated the existence of another minor but important neuronal subpopulation in the striatum (7) . These neurons are tonically active, thus termed tonically active neurons. They respond to stimuli that serve to trigger a learned and rewarded motor task and are implicated in learning processes of the basal ganglia function (8) (9) (10) (11) (12) (13) . Accumulating evidence suggests that tonically active neurons are cholinergic interneurons (9-12) that involve dynamic modulation of the basal ganglia circuitry through rich synaptic connections with the medium-sized spiny neurons within the striatum (4). However, the behavioral role of the striatal cholinergic interneurons in different categories of learning remains poorly understood, due to the lack of animal models that allow for investigation of the function of cholinergic interneurons in learning behaviors.
In our previous study, we investigated the role of acetylcholine (ACh) in the striatal circuit by selectively ablating striatal cholinergic neurons with use of immunotoxin (IT)-mediated cell targeting (14) . This investigation revealed that ACh regulates the striatal circuit concertedly but oppositely to dopamine and that selective cholinergic cell ablation causes severe impairment of motor balance (14) . The present investigation concerns how the deficit of cholinergic modulation in the striatal circuit influences different categories of learning. Here, we report that elimination of the cholinergic neurons in adult striatum causes impairment of reward-related procedural learning and working memory. Furthermore, we report that cholinergic cell ablation adaptively increases nicotinic ACh receptors (nAChRs) in not only the striatum but also the frontal cortex and substantia nigra. These findings suggest that the cholinergic modulation in the local striatal circuit exerts profound and global effects on the circuitry involving procedural and working memories.
Materials and Methods
Animals and IT Treatment. The IG17 line of heterozygous transgenic mice expressing the fusion protein of human IL-2 receptor (hIL-2R) ␣͞GFP and their WT littermates (15) was used for all IT-mediated cell-targeting experiments. The IT, which was composed of the Fv portion of mAb reacting with hIL-2R fused to a 38-kDa fragment of Pseudomonas exotoxin (2.5 ng in 0.5 l of PBS), was injected into one or both sides of the striatum as described (14) . On one side of the striatum, IT was injected at 11 sites with the following coordinates determined from the bregma as a reference (16) Tone-Cued T-Maze Memory Task. The tone-cued T-maze task was assessed according to the procedures described by Jog et al. (9) . Mice were trained daily to respond to auditory instruction cues, a 1-or 8-kHz tone (75 dB), which indicated whether chocolate was in the left or right arm. A training session consisted of 20 trials per day. The tone remained on until the mice reached the goal or for a maximum of 20 s. The criterion for tone-cued memory acquisition was defined as Ͼ80% correct turns in the trials for each session.
Spatial Alternation Training and Delay Tests. Spatial alternation training and delay tests were performed in the T-maze apparatus according to the procedures described by Doré et al. (17) . Each daily session consisted of 11 trials. On the first trial of each session, both goals were baited with chocolate. For the next 10 trials, the reward was placed in the arm opposite to that chosen by the mouse on the previous trial. The criterion for successful completion of training was defined as Ͼ80% correct turns averaged over 2 consecutive days. A maximum of 20 sessions was allowed for each training. Once the criterion was reached, spatial delayed alternation was tested by interposing 30-or 90-s delay between trials. Each delay was used for 2 consecutive days.
Rota-Rod Motor Learning Task. The rota-rod motor learning test was performed according to the procedures described by Gerlai et al. (18) . A mouse was placed on a rotating roller (4 cm in diameter), and the time it remained on the roller was measured. The training consisted of 16 sessions, 3 sessions a day and 3 trials per session. A maximum of 30 s was allowed for each trial per animal. The rotation speed of the rota-rod was set to 25 rpm in the first session. When the mouse was able to stay on the rotating rod for a cumulative duration of at least 60 s during a three-trial session, the rotation speed was increased by 5 rpm for the next session. When the mouse accumulated Ͻ60 s but Ͼ30 s on-rod time, no increase in speed was made. When the mouse could not accumulate 30 s on-rod time, the rotation speed was decreased by 5 rpm. The rotation speed mastered by the mouse was recorded and statistically analyzed.
Contextual and Cued Conditioning Fear
Responses. Fear responses were measured according to the procedures described by Zeng et al. (19) with some modifications. Each mouse was placed in an electric shock chamber on the training day (day 1); 2 min later, three repeated tone-shock pairs were given at 2-min intervals. Each tone-shock pair consisted of a 30-s white noise tone followed by a 3-s foot shock at 0.3 mA. The mouse remained in the chamber for 60 s before being returned to its home cage. On day 2, the mouse was placed back in the electric shock chamber for 6 min (contextual freezing responses). One hour later, the mouse was put in the home cage, and freezing responses during the first tone-free 2 min, the next tone-delivered 2 min, and the following tone-free 2 min were measured as pretone, tone, and posttone responses, respectively (tone-cued freezing responses).
Water-Maze Task. The water-maze task was carried out as described (20) . Briefly, the training consisted of nine sessions, three sessions per day and four trials per session with inter-trial intervals of 30-60 min. In each trial, the mouse swam until it found the platform or up to a maximum of 90 s, at which point the mouse was guided to the platform. On day 4, the platform was removed from the pool, and each mouse was tested on a probe trial for 60 s. On day 5, the platform was placed at the opposite location, and the mouse was retrained in four sessions. On day 6, the platform was removed, and a probe trial was performed for evaluation of reversal learning.
Locomotor Activity. Animals were placed in a new chamber for 60 min and then habituated by daily placing in the same chamber for 60 min. Locomotor activity was assessed for a 60-min period on the first day (exploratory phase) and 3 days after habituation (habituated phase) with an IR activity monitor (MED Associates, St. Albans, VT).
Western Blotting. IT was injected into the left striatum, and 2 weeks after IT injection, animals were killed after deep anaesthetization. Samples were punched out from coronal slices (500 m thick) of the frozen brain by using a 14-gauge syringe needle and homogenized in lysis buffer containing 1% SDS and proteinase inhibitor mixture Complete (Roche Diagnostics). The primary antibodies used for immunoblotting were goat polyclonal Ab against choline acetyltransferase (ChAT) (1:100; Chemicon); mouse mAbs against nAChR ␣4 subunit (1:2,000), nAChR ␣7 subunit (1:5,000), 160-kDa neurofilament (1:10,000) (all from Sigma), and NR1 (1:5,000, PharMingen); rat mAb against nAChR ␤2 subunit (1:2,000, Sigma); and rabbit polyclonal Abs against NR2B (1:5,000), GluR1 (1:1,000), GluR2͞3 (1:2,000), mGluR1a (1:5,000), tyrosine hydroxylase (1:500), 68-kDa neurofilament (1:100,000) (all from Chemicon), NR2A (1:5,000), mGluR5 (1:5,000) (both from Upstate Biotechnology, Lake Placid, NY), and actin (1:5,000, Sigma). Rabbit polyclonal Ab against preprotachykinin (1:1,000) and guinea pig polyclonal Ab against preproenkephalin (1:100) were gifts from T. Kaneko, Kyoto University. Immunoblots were incubated with horseradish peroxidase-conjugated secondary antibody and developed with ECL reagents (Amersham Biosciences). Signal intensities of immunoreactive bands were quantified with a GS-710 calibrated imaging densitometer (Bio-Rad).
Results
For IT-mediated cell targeting, we generated transgenic mice in which the expression of the hIL-2R͞GFP fusion protein was driven by the promoter function of metabotropic glutamate receptor subtype 2 (15) . In these mice, hIL-2R͞GFP was specifically expressed in cholinergic neurons within the cell population of the striatum (14, 21) . The IT is composed of the Fv portion of mAb reacting with hIL-2R fused to a 38-kDa fragment of Pseudomonas exotoxin (15) . To extensively ablate cholinergic cells in the striatum, IT was stereotaxically injected into 11 sites on one side of the striatum. Two weeks after IT injection, ChAT immunostaining showed a reduction of Ϸ80% of striatal cholinergic neurons. No such reduction was observed for other striatal cell types such as somatostatin-positive, parvalbuminpositive, and calbindin D-28k-positive neurons, or for cholinergic neurons in IT-treated WT mice (14, 21) .
We tested a conditioned T-maze paradigm to assess the role of striatal cholinergic neurons in procedural learning (9) . IT was bilaterally injected into the striatum of WT and transgenic mice. Two weeks after IT injection, the animals were trained to move through a T-maze and to gain a reward by responding to auditory instruction of two different tones that indicated whether they should turn into the right or left arm to gain a chocolate reward (Fig. 1A) . A daily training session consisted of 20 trials, and the criterion of memory acquisition was defined as Ͼ80% correct turns in a session. IT-treated WT mice evenly visited two arms at the initial two sessions and progressively learned how to gain a reward through daily practices (Fig. 1B) . IT-treated transgenic mice occasionally exceeded the learning criterion, but the success rate of learning for IT-treated transgenic mice was significantly less than that of IT-treated WT mice throughout the course of successive training (Fig. 1B) . When individual mice were examined during conditioning, IT-treated WT mice exceeded the learning criterion at least twice, and more than half reached this criterion more than four times. In contrast, three of seven IT-treated transgenic mice never reached the learning criterion. The average number of successful sessions was significantly lower in IT-treated transgenic mice than in IT-treated WT mice (Fig. 1C) . These results indicate that cholinergic cell elimination in the striatum impairs the ability to acquire procedural learning.
We next tested the ability of animals to learn spatial alternation in the T-maze to gain a reward. In this test, animals were trained to choose the alternative arm by replacing the chocolate reward at the arm opposite to the one selected on the previous trial. Each daily session consisted of 11 trials, and the criterion of successful habitual acquisition was defined as Ͼ80% correct choices averaged over 2 consecutive days. Although the basal ganglia has been implicated in achievement of spatial alternation (22) , the two groups of mice showed no statistical difference in the number of sessions to reach the learning criterion ( Fig. 2A) . This observation may be accounted for by the relatively simple learning of spatial alternation as compared with the more complex tone-cued T-maze learning that needs to associate procedural learning with auditory conditioning. We then tested for spatial delayed alternation in the T-maze. Once animals were trained to reach the learning criterion, their ability to achieve spatial alternation was examined by delaying a spatial alternation trial 30 and 90 s after the previous trial. Both IT-treated WT and transgenic mice showed reduction in correct choices by interposing delays of 30 and 90 s between trials (Fig. 2B) . Importantly, cholinergic cell-eliminated mice more significantly reduced spatial delayed alternation than did WT mice (Fig. 2B) . The results indicate that ACh in the striatum contributes to working memory-related learning.
We addressed whether cholinergic cell elimination impairs other categories of learning by several different behavioral analyses. The chronically cholinergic cell-eliminated mice showed no abnormal motor behaviors (14) . We performed a rota-rod test to examine whether cholinergic cell elimination influences the ability to acquire motor skill learning. Both IT-treated WT and transgenic mice progressively improved their skill in the rota-rod test (Fig. 3A) . The time course and extents of improvement in the rota-rod test were indistinguishable between WT and cholinergic cell-eliminated mice (Fig. 3A) . These results suggest that ACh depletion in the striatum has no direct effect on motor skill learning.
We next subjected IT-treated WT and transgenic mice to a fear-conditioning learning paradigm. Animals received electrical shock paired with tone cues, and on the next day, freezing fear responses were measured by placing the animals in the electric shock chamber (contextual) or delivering the tone in the home chamber (tone-cued). Both groups of animals displayed similar levels of freezing to the context and to the tone (Fig. 3B) . In control, no freezing responses were observed before or after the tone delivery at the home chamber (Fig. 3B ). This finding indicates that cholinergic cell elimination does not impair either contextual or cued fear conditioning.
Transgenic mice that overexpressed acetylcholinesterase in various brain regions showed up-regulation of nAChR mRNAs in the striatum, cerebral cortex, and hippocampus (23) and displayed impairments in spatial learning with the Morris watermaze test (24) . We examined effects of striatal cholinergic cell elimination on spatial learning with the Morris water-maze test (Fig. 3C) . Both WT and cholinergic cell-eliminated mice decreased their escape latencies through nine training sessions and showed no difference in the escape latency (Fig. 3C) . In a probe trial conducted after the ninth session, WT and cholinergic cell-eliminated mice spent significantly more time in the target quadrant than in the other three quadrants, and no statistical difference was observed between the two groups of animals (Fig.  3D) . To assess the spatial learning flexibility, these mice were subsequently given a four-session reversal training in which the hidden platform was moved to the opposite quadrant (Fig. 3C) . In the reversal test, the WT and cholinergic cell-eliminated mice showed no difference in latencies to find the new platform location (Fig. 3C ) or in the time spent in the newly trained quadrant (Fig. 3D ). These observations demonstrate that the deficit of ACh transmission in the striatum does not hinder spatial learning in the water-maze test.
The transgenic mice that overexpressed acetylcholinesterase also showed increase in locomotor activity at the novel environment but not at the familiar environment (25) . We examined locomotor activity at the exploratory and habituated phases of cholinergic cell-eliminated transgenic mice. These mice showed an increase in the locomotor activity at the exploratory phase but not at the habituated phase as compared to WT mice (Fig. 4) . This finding indicates that reduction of ACh in the striatum is sufficient for stimulating locomotion at the new environment.
The striatal principal neurons receive glutamatergic input from the cerebral cortex and dopaminergic input from substantia nigra pars compacta and differentially express substance P and enkephalin, depending on their projecting targets (4, 26) . We examined adaptive changes of nAChRs and glutamate receptors and other neuronal proteins in the chronically cholinergic celleliminated striatum. IT was unilaterally injected into the striatum, and homogenates of the IT-injected and uninjected sides of the striatum were subjected to immunoblotting with various antibodies. Levels of ChAT immunoreactivity decreased to Ϸ20% in the IT-injected side as compared with the uninjected side ( Fig. 5 A and B) . In control, the cytoskeleton proteins, actin and 68-and 160-kDa neurofilaments, remained unchanged after cholinergic cell elimination (Fig. 5A) . The major species of the brain nAChRs, ␣4, ␤2, and ␣7 subunits (11, 27) , all were expressed in the striatum, and these receptor subunits were up-regulated after cholinergic cell elimination (Fig. 5 A and B) .
The NR1, NR2A, and NR2B subunits of N-methyl-D-aspartate receptors, the GluR1, GluR2, and GluR3 subunits of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors, and mGluR1 and mGluR5 of the mGluR family represent the predominant species of the respective glutamate receptor families in the striatum (28) . None of these glutamate receptors showed any adaptive changes at the IT-injected sides of the striatum (Fig. 5A ). In addition, consistent with our previous RNA hybridization analysis (14) , the protein levels of preprotachykinin, preproenkephalin, and tyrosine hydroxylase remained unchanged at the chronic phase of cholinergic cell elimination (Fig. 5A) .
We then examined possible adaptive changes in ␣4, ␤2, and ␣7 subunits of nAChRs in other brain regions. The ␣4 and ␣7 subunits, but not the ␤2 subunit of nAChRs, were significantly up-regulated at the IT-injected side of the frontal cortex (Fig.  5C ). The ␣4 subunit was markedly increased at the IT-injected side of substantia nigra (Fig. 5D) . In contrast, none of these subunits showed any changes in the hippocampus (Fig. 5E) . The striatal cholinergic interneurons are restrictedly distributed within the striatum and form rich synaptic connections with the striatal projection neurons (4) . This analysis has revealed that selective ablation of striatal cholinergic neurons induces adaptive changes of nAChRs not only within the striatum but also at the striatum-relevant brain regions. This finding suggests that ACh in the striatum plays a pivotal role in neurotransmission modulation in the basal gangliathalamocortical circuitry. 
Discussion
This investigation has demonstrated that cholinergic cell elimination in the striatum impairs tone-cued procedural learning and spatial delayed alternation but has no effect on motor or spatial learning or on contextual-and tone-cued conditioning fear responses. The results of this investigation are consistent with the concept that the striatum is the main neural substrate implicated in procedural learning (1-3) and have provided compelling evidence that the cholinergic neurons in the striatum are essential for reward-related habit learning. In our previous study, we showed that cholinergic cell elimination in the nucleus accumbens, the ventral part of the striatum, increases the sensitivity to a low dose of cocaine and morphine to associate repeated exposure of these abusive drugs with the drug-exposed environment (21, 29) . This enhancement of association is thought to be derived from dopaminergic hyperactivity on the principal projection neurons as a result of cholinergic cell-eliminated depletion of antagonistic ACh in the nucleus accumbens circuit. We also showed that unilateral cholinergic cell ablation in the striatum induces motor imbalance at the acute phase of cell ablation (14) . ACh from the cholinergic interneurons thus plays a pivotal role in both motor balance and procedural learning. A number of electrophysiological studies have indicated that the cholinergic interneurons respond to sensory stimuli that trigger learned and rewarded motor tasks (8, 10, 11) . The cholinergic neurons in the striatum are tonically active and generate action potentials in the absence of any synaptic input (12) . Furthermore, the tonic firing of cholinergic neurons is paused by sensory stimuli in a learned and reward motor task (8, 11) . Because the cholinergic input in the striatum ultimately depresses neuronal activities of the cerebral cortex (14) , it is likely that stimulusdependent suppression of tonically active cholinergic neurons facilitates information transmission to the cerebral cortex and contributes to procedural learning.
Our results have also demonstrated that cholinergic cell elimination impairs the ability to perform spatial delayed alternation in a T-maze. A number of lines of evidence have indicated that this memory is relevant to working memory and requires integrity of the prefrontal cortex function (30, 31) . Interestingly, cholinergic cell elimination adaptively upregulated the major species of the brain nAChRs not only within the striatum but also in the frontal cortex and substantia nigra. The cholinergic interneurons are restrictedly distributed within the striatum (4). Then, how does the local perturbation of ACh neurotransmission induce adaptive up-regulation of nAChRs in the regions located at a long distance? In the striatum, nAChRs are known to be expressed at the axonal terminals of both glutamatergic neurons of the cerebral cortex (32) and dopaminergic neurons of substantia nigra (33) . One possible explanation is that the reduction of ACh in the striatum is informed from the axonal terminals to soma of these neurons in a retrograde manner that triggers induction of nAChRs at distantly located neurons. Alternatively, the striatum forms a circuitry loop with both the cerebral cortex and substantia nigra (4) . The local perturbation of ACh neurotransmission may thus induce adaptive changes of nAChRs via these neural circuitry systems. Whatever the mechanisms, this investigation implies that the cholinergic synaptic modulation in the striatum exerts a profound inf luence not only on the striatal circuit but also the basal ganglia circuitry.
